Abstract. The cold ions (energy less than several tens of electronvolts) flowing out from the polar ionosphere, called the polar wind, are an important source of plasma for the magnetosphere. The main source of energy driving the polar wind is solar illumination, which therefore has a large influence on the outflow. Observations have shown that solar illumination creates roughly two distinct regimes where the outflow from a sunlit ionosphere is higher than that from a dark one. The transition between both regimes is at a solar zenith angle larger than 90 • . The rotation of the Earth and its orbit around the Sun causes the magnetic polar cap to move into and out of the sunlight. In this paper we use a simple set-up to study qualitatively the effects of these variations in solar illumination of the polar cap on the ion flux from the whole polar cap. We find that this flux exhibits diurnal and seasonal variations even when combining the flux from both hemispheres. In addition there are asymmetries between the outflows from the Northern Hemisphere and the Southern Hemisphere.
Introduction
The high-latitude ionosphere is an important source of plasma for the magnetosphere (Hultqvist, 1999; Yau and André, 1997) . O + ions of ionospheric origin have been observed in the magnetospheric lobes (e.g. Sharp et al., 1981; Candidi et al., 1982 Candidi et al., , 1984 Seki et al., 1998) and in the plasma sheet (e.g. Peterson et al., 1981; Maggiolo and Kistler, 2014) . There are three main regions of outflow at high latitudes: the auroral oval, the cusp, and the polar cap. The auroral oval and the cusp are regions of intense ion outflow in response to strong energy inputs like Poynting flux, particle precipitation, and the work done by strong field-aligned electric fields accelerating ions upwards (Lockwood et al., 1985; Zheng et al., 2005; Moore and Khazanov, 2010; Nilsson et al., 2012) . In the absence of such energy inputs, the main source of energy for ion outflow in the polar cap is solar illumination.
Because the magnetic field above the polar caps is directly connected to the interplanetary magnetic field (IMF), Dessler and Michel (1966) argued that the ion temperature in the ionosphere is sufficiently high so that no hydrostatic equilibrium can be achieved there. The ions are more gravitationally bound, and will, together with the more easily escaping electrons, set up an ambipolar electric field parallel to the magnetic field lines, which accelerates ions upward (Axford, 1968; Banks and Holzer, 1968) . This outflow is named the polar wind.
Compared to the outflow in the cusp and the auroral regions, the polar wind constitutes a mild but steady flux of ions into the magnetospheric lobes, emanating from a relatively large source area. Moreover, during geomagnetically quiet times, the polar cap is the main cold ion source for the magnetospheric lobes . These ions have temperatures generally not much higher than the ion temperature in the ionosphere and flow at relatively small velocities (Engwall et al., 2009) . As a consequence, they are very difficult to measure with satellites flying through the lobes, because these cold ions often have energies too low to overcome the spacecraft potential, which can go up to several tens of electronvolts in these regions. The low energization also means that it is very difficult for O + ions to escape Earth's gravitational potential via this mechanism, and so very little O + is expected in the polar wind. Nevertheless, O + ions have been observed above the polar caps and in the lobes (Nagai et al., 1984; Waite Jr. et al., 1985; Abe et al., 1993; Su et al., 1998a) . Many additional mechanisms have been proposed to explain this (see, e.g., Tam et al., 2007 , for an overview).
Because they flow on open magnetic field lines, these ions can escape the magnetosphere into interplanetary space. In this way they may contribute to the erosion of the atmosphere. Their fate, however, is not certain. It has been argued that the final destination of these ions depends on the ratio of their velocity parallel to the magnetic field and the convection velocity perpendicular to the magnetic field (Ebihara et al., 2006; Haaland et al., 2012; Li et al., 2013) , particularly during periods of southward IMF. Haaland et al. (2012) estimated that 90 % of the ions flowing into the lobes are convected into the plasma sheet. There they can be recirculated into the inner magnetosphere and finally return to the atmosphere (Dungey, 1961; Seki et al., 2001) or ultimately be lost to interplanetary space (Slavin et al., 1989 (Slavin et al., , 1999 . This is also true for the ions flowing out from the cusp. Many ions in the cusp are strongly energized and will leave the magnetosphere directly via the open magnetic field lines Slapak et al., 2015) . But the ions with the lowest energies may be convected across the polar cap and mix with the polar wind ions (e.g. Green and Waite Jr., 1985; Nilsson et al., 2012) , so that it is not always possible to discern polar wind ions from the ions originating in the cusp. This also provides another possible explanation for the O + observed above the polar caps and in the lobes. Thus, in addition to outflowing ions from the auroral ovals, the polar wind and cusp outflow constitute an important source of plasma for the plasma sheet, since a part of these ions is convected there.
Whereas the ionosphere might be rivalled or even surpassed by the solar wind as a source of H + ions for the plasma sheet, there is a much larger proportion of O + in ionospheric outflow than in the solar wind, making it the dominant source of O + ions. The role of heavy ions like O + is still hotly debated (see, for example, Daglis and Axford, 1996; Lotko, 2007; Kronberg et al., 2014) , but they might be important for magnetospheric dynamics. Theoretical and modelling studies suggested an impact of O + ions on plasma sheet reconnection (Baker et al., 1982; Shay and Swisdak, 2004; Brambles et al., 2010) . Some studies indicate that O + ions can trigger substorms (Cladis and Francis, 1992; Yu and Ridley, 2013) , and others that sawtooth events may be induced by ionospheric outflow (Brambles et al., 2011; Ouellette et al., 2013) . Observational studies have not really been able to confirm nor refute this (e.g. Peterson, 2002; Kistler et al., 2006; Liao et al., 2014) .
Ionospheric outflow, and especially the polar wind, can also be an important source of cold ions for the plasma sheet. It is generally assumed that the ions in the plasma sheet are quickly and efficiently heated (Gary, 1991; Delcourt et al., 1994; Arzner and Scholer, 2001 ), but some observations do observe a significant population of cold ions in the plasma sheet (Seki et al., 2003; Ebihara et al., 2008) . If there are indeed cold ions in the plasma sheet, the polar wind would be one of the major suspects for the source, next to plasmaspheric winds and plumes. Toledo-Redondo et al. (2015) recently found, while studying reconnection at the dayside magnetopause, that cold ions introduce a new length scale in the reconnection process and thus may affect it.
Since solar illumination is the dominant energy source for the polar wind, the degree of solar illumination of the polar ionosphere should modulate the outflow. This has been evidenced by many observational studies and models (Abe et al., 1993; Su et al., 1998a, b; Glocer et al., 2012; Maes et al., 2015) . Maes et al. (2015) , studying outflow above smallscale polar cap arcs using Cluster (Escoubet et al., 2001) measurements, found that the upflow above the polar cap can be roughly divided into two distinct groups based on the solar zenith angle (SZA) of the footpoint of the field line in the ionosphere. The border between both was found to be around ∼ 100
• , i.e. the solar zenith angle of the terminator at ionospheric altitude. The outflow was more intense for the group at smaller solar zenith angles than for the group at larger ones. The effect was found to be stronger for O + than for H + . The O + flux densities (normalized to 200 km altitude) ranged from 4.0×10 9 to 2.8×10 12 m −2 s −1 , and were on average almost an order of magnitude smaller at the large solar zenith angle. The H + flux densities were between 8.6 × 10 11 and 1.1 × 10 13 m −2 s −1 and were on average almost a factor of 2 smaller above a dark ionosphere.
Since the rotational axis of the Earth is tilted by ∼ 23.4
• from the perpendicular on the ecliptic plane, the polar cap moves into and out of the sunlight during Earth's orbit around the Sun. The magnetic polar cap is not centred around the geographic poles but rather offset by several degrees latitude, adding a daily modulation to the magnetic polar cap's movement as it rotates in and out of the sunlight. Earth's magnetic field is not symmetric between the Southern and Northern Hemisphere. The North Magnetic Pole, defined as the point in the Northern Hemisphere at the surface of the Earth where the magnetic field points exactly downwards, is located at 86.3
• N, as measured in 2015 (Thébault et al., 2015) . The South Magnetic Pole, analogously defined, is not located at the opposite point in the Southern Hemisphere but at 64.3
• S (Thébault et al., 2015) . These positions are also not constant in time. This difference in offset implies that the northern and southern magnetic polar cap will receive different amounts of sunlight throughout the day and the year.
One would expect that these diurnal and seasonal variations in solar illumination of the polar caps, the fact that the terminator has a SZA larger than 90
• , and the asymmetries in the magnetic field all have an effect on the total ion outflow and its composition. The goal of this paper is to qualitatively explore these effects. In the next section, we first explain the model we employ to study these effects. We report the results in Sect. 3, first for the simplest set-up: circular polar caps with a symmetric magnetic field (Sect. 3.1). Then we add the asymmetry of Earth's magnetic field (Sect. 3.2), and finally we use a more realistic polar cap shape (Sect. 3.3). This stepwise approach allows us to identify which cause has which effect. In Sect. 4 we discuss these results and their possible implications.
Method
To investigate the effects of the difference in outflow from a sunlit and a dark ionosphere, we keep things very simple. Inspired by the two regimes in upflowing ion fluxes above a sunlit and a dark ionosphere found by Maes et al. (2015) , as discussed in the introduction, we assume that there are only two possible flux density values (ions m −2 s −1 ): one above a sunlit ionosphere and one above a dark ionosphere. Thus, we ignore all other factors that may have an influence on the outflow and cause a large natural spread, like variations in irradiance, flows, and density fluctuations in the neutral upper atmosphere, geomagnetic activity, etc. The eccentricity of Earth's orbit is also neglected.
For simplicity, we assume the transition between these two regimes to be sharp and located at a solar zenith angle of 100
• . Therefore, mathematically, we define the flux density f (ions m −2 s −1 ) as a step function:
Here f sun is the flux density above the sunlit ionosphere and f dark is that above the dark ionosphere. We take their values from the study in Maes et al. (2015) as the average value for upflow below SZA of 100
• and above 100
• . f sun is equal to 3.3 × 10 11 m −2 s −1 and f dark is 4.4 × 10 10 m −2 s −1 for O + ; for H + these are 3.2 × 10 12 m −2 s −1 and 1.7 × 10 12 m −2 s −1 , respectively. The total ion flux from the whole polar cap, F tot , is then simply found as follows:
where A sun is the area of the polar cap which is sunlit and A dark the area which is dark. Note that the flux densities are kept constant, but what does vary is the area of the polar cap which is sunlit and the area which is dark, on a diurnal basis, as the Earth rotates, and on a seasonal basis as the orientation of Earth's rotational axis changes with respect to the Sun. It is thus the variation in the sunlit fraction of the polar caps that introduces a time dependence into the total flux (as well as the size of the total polar cap in the third case, as explained further on). Note that these flux densities from Maes et al. (2015) actually come from measurements of ion outflow above polar cap arcs. Since precipitating electrons caused by the polar cap arc system deposit energy in the ionosphere below, this might cause concern that these flux densities are not representative of the polar wind. Maes et al. (2015) argued to the contrary, since they found that the magnitude of the relatively small potential drop of the polar cap arcs (and thus the energy of the precipitating electrons) does not seem to have any discernable effect on the flux densities. The fact that the outflow is predominantly controlled by the ionospheric illumination conditions also indicates that the energy deposited in the ionosphere by precipitation in polar cap arcs plays a minor role. Moreover, integrated over the polar cap area, these H + flux densities lead to fluxes similar to those found by other studies of the polar wind (see e.g. Nagai et al., 1984; Cully et al., 2003; Huddleston et al., 2005; Engwall et al., 2009; André et al., 2015) .
The O + fluxes fall at the lower end of the ranges found in literature (see, e.g., Yau et al., 1988; Cully et al., 2003) , although it is often argued for these O + ions that they originate from more energetic sources like cusp outflow and are convected above the polar cap. In Maes et al. (2015) it is argued that this is most likely not the case for their data. Abe et al. (1993) also argued this for the O + ions they observed, and they found fluxes very similar to Maes et al. (2015) . Nonetheless, even if the O + flux densities are not precise, the variations of the flux should still be correct, since they are caused by the alteration of the polar ionosphere by solar illumination, which happens regardless of the presence of polar cap arcs. Since the main goal of this paper is to give a qualitative analysis of the variations caused by the solar illumination, rather than to provide an accurate estimate of the ion flux, we proceed with these values.
In order to be able to distinguish between the consequences of the different causes mentioned in the introduction, we start with the simplest case of a circular magnetic polar cap, with perfect north-south symmetry. We assume the polar cap, bound by the auroral oval, to have "latitudinal radius" of 15
• and to be centred around the geomagnetic poles. The geomagnetic pole is defined as the point where the dipole axis of the magnetic dipole approximation intersects Earth's surface, and is located at ∼ 80
• geographic latitude (Thébault et al., 2015) . It should be noted that the choice of the values of parameters like the SZA of the terminator and the size of the polar cap also affects the results.
After that we add a little more realism by introducing the north-south asymmetry in the magnetic field. We do this by centring the circular polar caps around the invariant magnetic poles (e.g. Emmert et al., 2010; Förster and Cnossen, 2013) instead of the geomagnetic poles. These are located at 82
• N and 74
• S. Finally we introduce a more realistic polar cap shape. To this end, we use the Tsyganenko 89 magnetic field model (Tsyganenko, 1989) and define the magnetic polar cap as the region poleward of the boundary between the open and closed magnetic field lines. This is found by starting at ionospheric altitude and following each magnetic field line to see whether it maps back into the ionosphere. In the T89 model a magnetic field line extending beyond 100 R E is cut off and considered open. The T89 model requires the Kp value as an input parameterizing the geomagnetic activity; in this study we consider the case Kp = 0. While this may not be the most common geomagnetic condition, this seemed the most appropriate value as the polar cap shape is not correctly reproduced by T89 for higher Kp.
Results

Circular polar cap with north-south symmetry
The O + fluxes from the northern and southern polar cap for circular polar caps with a symmetric magnetic field are shown in Fig. 1 . The fluxes from both hemispheres, given in panel (a) and (b), are identical but shifted by half a year. It is clear that the flux from an individual hemisphere is highest around the summer solstice (around 21 June in the Northern Hemisphere, around 21 December in the Southern Hemisphere) and lowest around the winter solstice, as one would expect. The maximum number of O + ions is flowing out when the polar cap is completely sunlit (F tot = f sun × A tot ) and is 3.05 × 10 24 s −1 , and the minimum when the polar cap is completely dark (F tot = f dark ×A tot ), with only 3.97× 10 23 s −1 flowing out. This is a variation of more than 600 %. The maximum of the daily average, which represents only the seasonal variation, is the same as the overall maximum, and the minimum of the daily average is 7.15×10 23 s −1 . This is a variation of more than 300 %.
For H + the maximum is 2.96 × 10 25 s −1 and the minimum 1.57 × 10 25 s −1 . For the daily average the minimum is 1.74 × 10 25 s −1 . This corresponds to a variation of ∼ 90 % and almost ∼ 70 % respectively. The difference between the maximum and minimum flux is smaller than for O + , due to the smaller difference between the flux densities in sunlit and dark conditions for H + . There is no daily variation in the flux in the period around the summer solstice. This is because, during this time, the magnetic polar cap is sunlit throughout the whole day (at ionospheric altitude) and thus, according to Eq. (2), the total flux is constant (F tot = f sun × A tot ). This can also be understood by simple reasoning: at the summer solstice, the geographic pole has a SZA of 90 − 23 = 67 • . This means that the geomagnetic pole, offset from the geographic pole by ∼ 10
• , will have a SZA of 67 + 10 • = 77 • at its local midnight. With a magnetic polar cap with a "latitudinal radius" of 15
• , the highest SZA found in the magnetic polar cap is therefore 77 + 15
• . This indeed remains sunlit if the terminator is at a SZA of 100
• . Analogously, one can find that around the winter solstice the polar cap is not completely dark throughout the whole day, with a terminator at 100
• . The largest daily variation occurs in the period before the spring equinox and after the autumn equinox (note that the daily variation is represented by the vertical distance between the upper and lower red line). At this time, the magnetic polar cap rotates into and out of the sunlight. There is still a daily variation around the winter solstice, but less than before and after, because the polar cap is completely dark during part of the day and never becomes fully sunlit.
When we combine the flux from both hemispheres, a daily and a seasonal variation persist (see panel (c) of Fig. 1 ). Because the terminator has a SZA larger than 90
• , the proportion of the polar cap receiving sunlight in one hemisphere is not the opposite of that in the other. Therefore, the variations in one hemisphere do not cancel those in the other hemisphere. There is no difference between the two solstices, but there is still a seasonal variation from equinox to solstice. The largest flux from both hemispheres combined, 5.53 × 10 24 s −1 for O + and 5.62 × 10 25 s −1 for H + , occurs at the equinox and the lowest, 3.45 × 10 24 s −1 for O + and 4.53 × 10 25 s −1 for H + , at the solstice. This is a variation of ∼ 60 and ∼ 24 % for O + and H + , respectively. For the daily average this variation is ∼ 36 and ∼ 15 %, respectively. In panel (d) of Fig. 1 we see the UT dependence of the flux from both hemispheres combined, in red for the June solstice, in blue for the December solstice, and in green for the equinox. In June, there is a peak at 16:48 UT. This is at the local noon of the south geomagnetic pole, which is entering its winter and receiving its daily amount of sunlight in that season. During the solstice, the summer hemisphere does not add to the daily variation, because it is completely sunlit during the whole day. Therefore, all the variation is due to the winter hemisphere, which increases the total combined flux when it receives sunlight (from ∼ 10:00 until ∼ 23:00 UT in the north and from ∼ 22:00 until ∼ 11:00 UT in the south). Consequently, the flux is constant at 3. for H + , happen at the local morning and evening of the poles at ∼ 10:48 and ∼ 22:48 UT. Therefore, the maximum outflow at the equinox does not occur during noon at the poles but instead in the morning and evening when the illumination of both polar caps combined is maximized.
Circular polar cap with north-south asymmetry
We now introduce the asymmetry of the magnetic field by centring the polar caps around the invariant magnetic poles. The resulting number fluxes for O + behave as shown in Fig. 2 . The southern magnetic polar cap is then located at lower geographic latitudes, and will sway farther into and out of the darkness. The consequence is immediately visible: in the Southern Hemisphere (in panel b) there is a much larger daily variation at the winter solstice and the equinoxes. There are now even two periods (in April and September) where the flux goes from the maximum (when completely sunlit) to the minimum value (when completely dark) in one day. Whether this happens also depends on the actual size of the polar cap and the position of the terminator. Since the north magnetic polar cap is now centred at higher latitudes, there is less variation in the flux from the Northern Hemisphere (panel a).
Another interesting point is that the daily mean flux from the southern polar cap in the local winter is higher than that from the northern polar cap in winter. This is the case during the whole period of approximately 65 days before and after the local winter solstices. The southern daily average flux is higher at the winter solstice because, due to its larger offset, the southern polar cap will be able to spend more time sunward of the terminator. The difference in the daily average flux at the local winter is at its largest at ∼ 38 % for O + and ∼ 8 % for H + . In the following ∼ 91.5 days, including the equinox, the daily average flux in the Northern Hemisphere is larger, with the difference peaking at ∼ 11 % for O + and ∼ 6 % for H + . This happens because, during this period, the northern polar cap less often reaches the darkness owing to its smaller offset. In the period of ∼ 26 days before and after the local summer solstice, the fluxes from both hemispheres are equal. At this time both polar caps are completely sunlit throughout the whole day and the flux is maximized (F tot = A tot ×f sun ). For the next ∼ 91.5 days, the Northern Hemisphere has a higher flux again. Thus, the difference between the outflow from both hemispheres due to the asymmetry in the magnetic field itself has a seasonal vari- ation. Both trends oppose each other so that the difference between the average flux over the whole year from the northern and southern polar cap becomes almost, but not exactly, zero. Panel (c) of Fig. 2 shows the total flux from both hemispheres combined. As in the symmetric case, there is still a seasonal variation. The shape is different, however. The peaks of the daily maximum are not at the equinoxes anymore but closer to the June solstice, namely at 22 April and 21 August. The peaks of the daily mean are still at the equinox. The fluxes are now also not symmetric anymore between both solstices. The Southern Hemisphere's higher daily mean in its winter than that in the north means that the combined flux is higher at the June solstice, 3. 
Realistic polar cap shape: T89
In order to asses the effect of a more realistic polar cap shape, we use the Tsyganenko 89 model for Kp = 0 to obtain the open-closed boundary. The resulting O + fluxes are plotted in Fig. 3 . One of the main differences with the earlier cases is that overall the flux is lower. This is because the area of the magnetic polar cap found for Kp = 0 with the T89 model is significantly smaller than that of a circular polar cap down to 75
• MLAT. This is related to our choice of considering the polar cap for low activity and because of the issues with higher activity mentioned in Sect. 2. For higher activity levels, the polar cap area increases significantly, and together with it the total flux.
Another effect that is immediately clear, which does not appear in the circular case, is that there is still a daily variation during the period around the summer solstice. The magnetic polar cap is still completely sunlit during the whole day at the summer solstice, so this is not what is causing this variation. According to the Tsyganenko model, the magnetic polar cap varies throughout the day in shape and area. The variation is small and relatively irregular. That is what causes the variation in flux during the summer.
When we look at the combined flux from both hemispheres, plotted in panel (c) of Fig. 3 , we see that it has a somewhat different shape from the circular asymmetric case, but overall it looks quite similar. One clear difference is that the daily minimum behaves a bit differently and is not flat around the solstices but dips even further. This is again the effect of the variation in polar cap size.
We also show the fluxes of H + in Fig. 4 . We do this because in this case, as opposed to the circular cases where H + behaves the same way as O + except having smaller variations, H + exhibits a somewhat different behaviour than O + . This is because the total area of the polar cap also varies. The effect of the solar illumination is smaller for H + , since the difference between f sun and f dark is smaller than for O + , but the effect of the varying polar cap area is the same for both H + and O + . The H + flux from both hemispheres shows a variation of ∼ 31 %, with a maximum of 4.09 × 10 25 s −1 and a minimum of 3.12 × 10 25 s −1 . For the daily average, going from 3.68 × 10 25 s −1 down to 3.24 × 10 25 s −1 , the variation is around ∼ 13 %. O + is more strongly affected by solar illumination and thus the flux shows larger variations going from 4.09×10 24 s −1 down to 2.35×10 24 s −1 ; this is a variation of ∼ 74 %, and ∼ 34 % for the daily average, which has a maximum and minimum of 3.34×10 24 and 2.50×10 24 s −1 . Since the outflows of O + and H + react differently to solar illumination, the fraction of O + in the outflow will also vary. This fraction may vary from ∼ 7.0 to ∼ 9.1 %, which is a variation of ∼ 31 %, and the daily average from ∼ 7.1 to ∼ 8.3 %, which is a variation of ∼ 16 %. The total ion flux is dominated by H + and will thus show variations similar to the H + flux, namely ∼ 34 and ∼ 15 % for the daily average. However, since the mass of the O + ion is about 16 times higher than that of the H + ion, the contribution of the O + outflow to the total mass flux may be more significant. For the mass flux from both hemispheres combined we find that there are variations of up to ∼ 55 %, and up to ∼ 25 % for the daily average. We also find a different behaviour in the UT variation in panel (d) of Fig. 3 . The two peaks at equinox are in this case very different and again shifted. The one before at ∼ 7 UT is with 3.41 × 10 24 s −1 much lower than the one at midnight, 3.94 × 10 24 s −1 , and is barely higher than the local minimum only 1 h before, with 3.40 × 10 24 s −1 . In the H + flux in panel (d) of Fig. 4 , it is no longer even a local maximum. Like in the previous case, the two minima do not have the same depth, but now they also do not occur at the local noon of the poles, but around ∼ 6 and ∼ 15 UT.
The polar caps found from the Tsyganenko model do not have the same area in both hemispheres. On average the polar cap is ∼ 5.8 % larger in the north than in the south. Consequently, the average flux over the whole year from the Northern Hemisphere is ∼ 6.7 % larger than that from the Southern Hemisphere for O + and ∼ 6.2 % for H + . This can be seen in panels (a) and (b) of Fig. 4 , if one looks closely. The daily averages are also not equal around the local summer solstices in this case, and around the local winter solstices the H + flux from the Southern Hemisphere is almost equal to that from the Northern Hemisphere (∼ 2 % larger at maximum).
Discussion
The set-up of this simple model neglects many factors which influence the outflowing flux, like UV intensity, geomagnetic activity, heating of the atmosphere, neutral winds, etc. Their effects should be superimposed on the model results presented here. However, according to observations, the outflowing flux densities should statistically be separable in two groups by the solar zenith angle of their ionospheric origin, with the group with lower SZA having a higher average flux than the other. Therefore, these results should apply to the fluxes averaged over these other conditions.
Combined flux from both hemispheres
An important result, showing up in all three cases, is that, when combining the total flux coming from both hemispheres, we still see a seasonal and diurnal variation. For the circular and symmetric case, the seasonal variation is caused (only) by the fact that the terminator at ionospheric altitudes has a SZA larger than 90
• . This means that the illumination profile of one magnetic polar cap is not the inverse of that of the other, and thus the variations in the flux from both hemispheres do not cancel each other. The fact that the geographic pole and the magnetic pole are not located at the same position implies that this also causes diurnal variations in the summed flux.
For the asymmetric case this also happens, but the asymmetry in the offset of both polar caps is an extra cause of seasonal variation in the summed outflow from both hemispheres. Even with a terminator at 90
• , there are still variations over the seasons and days, whereas in the symmetric case the flux would remain constant over the whole year with the terminator at 90
• . The variations due to this effect are comparable to those due to the terminator effect, if not a bit larger. In terms of daily averages (and thus the seasonal variation) they are smaller, however, about ∼50 %. Note also that these variations due to both causes do not always occur at the same time, so they may combine to a larger variation at some times or counteract each other at other times.
For the calculations with the polar cap shapes from the Tsyganenko model, the north-south asymmetry in the polar cap area and the variation in the area constitute again two extra causes of seasonal variation for the total combined flux.
Importance to magnetospheric dynamics
The variation in the combined flux is important because a large fraction of the ions in the polar wind flow into the plasma sheet Li et al., 2013) . This combined flux thus also represents to some extent the supply of ions from the polar ionosphere to the plasma sheet. Consequently, this may lead to seasonal and diurnal variations in the plasma sheet density or composition. The high latitude ionosphere is an important source of plasma for the plasma sheet, more specifically of O + ions. The polar wind is also an important source of cold ions. As discussed in the introduction, the role of heavy ions like O + in magnetospheric dynamics is not yet clear, as is the answer to the question of whether ions can remain cold in the plasma sheet, but both cold ions and O + ions (cold or not) may affect reconnection or the stability in the tail.
Geomagnetic activity has been clearly observed to exhibit seasonal behaviour. One well-documented example is the occurrence frequency of geomagnetic storms, which has two peaks per year, at the equinoxes (e.g. Sabine, 1856; Cliver et al., 2000; Echer et al., 2011) . This seasonal behaviour is often attributed to the Russell-McPherron mechanism (Russell and McPherron, 1973) . This states that the inclination of the Sun's equatorial plane and the inclination of Earth's rotational axis from Earth's orbital plane cause a bias toward larger absolute IMF B z values (in the GSM coordinate system) around the equinoxes and thus a higher geo-effectiveness. However, it has been argued that this mechanism cannot account for the full variation (Cliver et al., 2000) . Other mechanisms have been suggested (see, e.g., Russell and McPherron, 1973; Tsurutani and Gonzalez, 1995; Cliver et al., 2000 , for a discussion of some).
The two peaks at the equinoctial months observed in the occurrence of geomagnetic storms coincide with the two peaks found in this study for the combined ion outflow from both polar caps. At this time of the year the total ion flux from both hemispheres peaks, as well as the H + flux, the O + flux, the O + proportion, and the mass flux. If O + indeed can alter geomagnetic activity, seasonal variations in ionospheric outflow should perhaps also be considered as a possible explanation. The same can be said if cold ion outflow can indeed remain cold in the plasma sheet.
Variations compared to other effects
Ion outflow from the polar ionosphere can also vary due to geomagnetic activity and variations in solar EUV (extreme ultraviolet) intensity. For geomagnetic activity, the outflowing H + flux density (m −2 s −1 ) is found to increase by ∼ 300 % from low to high Kp (Yau et al., 1988; Cully et al., 2003; Engwall et al., 2009) , and the O + outflow rate even by ∼ 2000 % (Yau et al., 1988; Cully et al., 2003) . Haaland et al. (2015) , studying cold outflowing ions during geomagnetic storms (identified by their excursion in Dst), find a similar number with an increase of up to ∼ 300 % the average non-storm-time outflow rate during the peak phase.
The effect of the intensity of the EUV flux coming from the Sun has also been studied. Yau et al. (1988) actually found a (statistically marginal) decrease of ∼ 50 % for H + with DE 1 data. For O + , an increase of ∼ 400 % was found. Cully et al. (2003) using Akebono data, however, observed an increase for both H + and O + , of ∼ 300 and ∼ 2000 %, respectively. Furthermore, Engwall et al. (2009) and André et al. (2015) found an increase of the ion total flux of ∼ 200 and ∼ 100 %, respectively. It is worth mentioning that Yau et al. (1988) and Cully et al. (2003) were restricted to an energy range of ∼ 10 eV-17 keV and ∼ 1-70 eV, respectively, and Engwall et al. (2009) and André et al. (2015) , using an indirect method involving the spacecraft potential, should have theoretically observed all ions. However, the last of these methods can only be used when the thermal energy of the ions is lower than both their bulk kinetic energy and the energy needed to overcome the spacecraft potential. Therefore, this method only observes ions with energies below Cluster's typical spacecraft potential in the lobes (∼ 40-60 V).
The variations found in this study, due to the presence or absence of solar illumination, are for the H + flux from one hemisphere roughly ∼ 2 times smaller than those found due to geomagnetic activity and solar EUV intensity. For O + they are roughly a factor of ∼ 3 smaller. When combining the flux from both hemispheres, the variations in this study become much smaller, since the illumination of one hemisphere opposes that of the other to some extent. However, compared to variations due to geomagnetic activity, those found in this study constitute an increase over an extended period of time (they can last up to several months). In other words, it is a steady increase that may lead to mass loading of the plasma sheet. This difference may lead, for example, to an extra of ∼ 2.7 × 10 31 ions, of which ∼ 4.4 × 10 30 are O + ions, or ∼ 1.5 × 10 5 kg escaping from the ionosphereand possibly ending up in the plasma sheet -during the 3 months around the equinox compared to the outflow during the 3 months around the December solstice. Moreover, in the context of the importance of ionospheric outflow for magnetospheric dynamics, it is difficult to causally link an increase in geomagnetic activity to the increase in ionospheric outflow caused by increased geomagnetic activity. The variations in outflow found in this study may happen before geomagnetically active times. Variations in F10.7 follow the 11-year solar cycle but also occur on smaller timescales. However, these variations do not have a daily or seasonal periodicity.
To put these numbers into context, we can very roughly estimate the total plasma content in the plasma sheet. Using the formula for H + and O + densities in the midtail plasma sheet of Maggiolo and Kistler (2014) , with an average F10.7 of 150 and Kp of 2 (the values used in this study come from a study during low activity), we find an average H + density of ∼ 0.26 cm −3 and O + density of ∼ 3.8 × 10 −3 cm −3 . Using a total plasma sheet volume of ∼ 4 × 10 24 m 3 from Chappell et al. (1987) , we find a total of ∼ 1.0×10 30 ions in the plasma sheet, of which ∼ 1.5 × 10 28 are O + ions, and a total mass of ∼ 2.1 × 10 3 kg. Therefore, the additional outflow during the trimester around equinox is ∼ 26 times larger than the total content of the plasma sheet in terms of number of ions, and ∼ 73 times in terms of mass. The additional number of O + ions is more than ∼ 291 times the O + ions in the plasma sheet during quiet times. In other words, since these 3 months are 90 days, on average the content of almost one additional plasma sheet per day flows out from the polar cap around the equinox compared to around the December solstice, in terms of mass, and more than ∼ 3 additional plasma sheets per day in terms of O + ion numbers. This all assumes that the O + flux densities used are representative of the polar wind.
The variations due to the polar cap being sunlit or dark, represent a modulation of the background outflow, so these variations should also be factored in with the variations due to geomagnetic activity and solar EUV intensity. It has to be noted that the eccentricity of Earth's orbit, which was neglected in these calculations, also causes a seasonal variation. The current eccentricity of Earth's orbit is ∼ 0.0167; therefore, the intensity of the solar illumination is ∼ 6.9 % higher at perigee than at apogee. It is, however, difficult to translate this intensity variation into an increase in outflowing ion flux
North-south asymmetry in outflow
As mentioned in Sect. 3, the outflow from both hemispheres is expected to be different, due to the asymmetry in the magnetic field. As we found from the asymmetric circular case and the more realistic case, there are two causes for the asymmetry: the difference in the offset of the magnetic pole from the rotational axis and the difference in polar cap area.
The asymmetry in the flux resulting from the difference in offset has itself a seasonal variation. At the local winter solstice, the southern hemisphere has a larger average outflow, because the larger offset from the rotational axis means that the polar cap is more likely to still reach the sunlight. However, around the equinoxes the flux from the Northern Hemisphere becomes larger. This means that, counterintuitively, in the period around the equinoxes there is also an asymmetry in the fluxes. Over the whole year these tend to cancel each other out. However, which hemisphere has the largest average flux over the whole year, as well as the magnitude of the difference, depends on the precise values for the size of the auroral oval and the SZA of the terminator. This dependence is not simple; it is not even monotonous. When changing the position of the terminator and the size of the circular polar caps over a range of values, the difference in average flux over the whole year can go up to a few percent for the O + flux, and almost 1.5 % for H + . When comparing the daily averages (in terms of days after the local winter solstice) the difference can go up to almost 150 % for O + and more than 20 % for H + .
When using the polar caps from the Tsyganenko model, we find a larger area for the northern polar cap. This does not have a seasonal variation but rather shifts the flux from the Northern Hemisphere upwards by a few percent over the whole year. This difference in flux is not due to a difference in solar illumination but instead to a difference in the size of the source area. This difference in polar cap area is a result of the asymmetry in Earth's magnetic field, which is not a perfect dipole and not centred around Earth's centre of mass. There is no a priori reason why this difference in area should persist at high altitudes and cause a difference between the cross section area of the northern and southern magnetospheric lobes, since the higher-order terms of the multipolar expansion of the magnetic field fall off rapidly with distance. Thus, if we assume the asymmetry in Earth's magnetic field dies off at higher altitudes, and neglect any possible external source of asymmetries, the smaller total flux in the south would flow into the same area in the lobes as the higher flux in the north. In this case, not only will the total flux (ions s −1 ) be lower in the south but also the flux density (ions m −2 s −1 ).
Observability
One can argue that the variations and asymmetries discussed in this study should be visible to some extent in an extensive statistical study of in situ observations of the flux densities in the magnetospheric lobes, despite the fact that we only discussed the total flux. If a statistical study uses a dataset that sufficiently samples the whole polar cap, so that the average is representative of the flux density everywhere in the polar cap, then this average flux density is equal to the total flux divided by the polar cap area. Therefore, the average flux density should also exhibit the temporal variations and the asymmetries of the total flux. We should note, however, that this requires a very good sampling of the whole polar cap. Moreover, for temporal variations, this should be true at all time (down to the relevant timescale). This is a very strong requirement, and one which is rarely (or never) achieved in a realistic dataset of satellite measurements. Nonetheless, even if not all variations are visible, some might still show up in a sufficiently large dataset. For example, a study probing the flux densities in the magnetospheric lobes with enough measurements will most likely observe seasonal variations. Such studies might also be able to find an asymmetry in the outflow from both hemispheres.
Conclusions
With a simple set-up, this study explored the consequences of solar illumination modulation of ionospheric outflow above the polar cap as the magnetic polar cap rotates in and out of the sunlight on a diurnal and seasonal basis. The main results can be summarized as follows:
-There are daily and seasonal variations in the ion flux from each polar cap.
-These variations persist when summing the flux from both hemispheres, with maxima at the equinoxes. There are three main causes for this:
-the fact that the terminator at ionospheric altitude has a solar zenith angle around 100 • ,
-the larger offset of the southern polar cap from the rotational axis due to the north-south asymmetry of Earth's magnetic field,
-the north-south asymmetry in the area of the magnetic polar cap.
-These variations also modulate the supply to the plasma sheet, and possibly affect magnetospheric dynamics. The peaks in combined outflow coincide with the peaks of geomagnetic storm occurrence at the equinoxes, suggesting that the variations may be a cause for seasonal variation in geomagnetic activity.
-The north-south asymmetry in Earth's magnetic field also causes north-south asymmetries in the outflowing ion fluxes from the polar cap.
